The present review examines the role of actin binding proteins (ABPs) on blood-testis barrier (BTB), an androgen-dependent ultrastructure in the testis, in particular their involvement on BTB remodeling during spermatogenesis.
INTRODUCTION
The blood-testis barrier (BTB) in the mammalian testis divides the seminiferous epithelium into two functional compartments: the basal and the adluminal (apical) compartments [1] [2] [3] . Cellular and molecular events pertinent to meiosis I/II and postmeiotic spermatid development all take place in the adluminal compartment behind the BTB. Unlike other blood-tissue barriers, such as the blood-brain barrier and the blood-retina barrier, which are conferred almost exclusively by tight junction barrier of endothelial cells in microvessels, the BTB is constituted by coexisting actin-based tight junction/basal ectoplasmic specialization and basal ectoplasmic specialization/gap junction, and by intermediate filament-based desmosome between Sertoli cells near the basement membrane in the epithelium of seminiferous tubules [1, 4, 5] . Due to the presence of an extensive network of actin microfilament bundles at the basal ectoplasmic specialization, which further reinforce the structural integrity of the tight junction, the BTB is one of the tightest blood-tissue barriers in mammals [1, 5, 6] . As spermatogonia reside in the basal compartment, preleptotene spermatocytes derived from type B spermatogonia at stage VII-VIII must be transported across the BTB, so that they can differentiate into pachytene spermatocytes to prepare for meiosis I/II in the adluminal compartment. Thus, junctions at the BTB undergo extensive restructuring to accommodate the transport of preleptotene spermatocytes, involving rapid reorganization of actin microfilaments at the ectoplasmic specialization by efficiently converting between a 'bundled' and an 'unbundled/branched' configuration to confer plasticity to the BTB [7, 8] . Studies during the past decade have shed new insights regarding the dynamic nature of actin microfilaments at the basal ectoplasmic specialization/BTB, which is likely mediated by two groups of actin binding proteins (ABPs): branched actin polymerization-inducing proteins that effectively cause branching of existing microfilaments, and actin cross-linking and bundling proteins that organize actin microfilaments into a bundled configuration. Herein, we critically evaluate these data, we also provide a model regarding the coordinated efforts of these two groups of ABPs in regulating actin cytoskeletal reorganization pertinent to BTB remodeling.
ACTIN BINDING PROTEINS
Actin-based cytoskeleton is working in concert with the microtubule and intermediate filament-based cytoskeletons to maintain cell shape, structure, and multiple cellular functions in mammalian cells including the Sertoli cell [7,9 && ,10 && , 11,12,13 & ]. Actin exists in one of the two forms: globular, monomeric actin (G-actin), and filamentous polymeric actin (F-actin) [9 && ,14 && ]. F-actin, also known as microfilament, is formed by polymerization and assembly of G-actin into double helices. Actin microfilaments are polarized ultrastructures with the rapidly growing end known as 'barbed end' and the slow growing end called 'pointed end'. Microfilaments can be cross-linked into higher order ultrastructures of actin bundles such as those found at the ectoplasmic specialization in Sertoli cells, and also as meshed or composite bundled networks. Rapid conversion between bundled and branched, unbundled, or truncated network by altering the organization of actin microfilaments thus confers plasticity to cells. These changes also modulate adhesive function of protein complexes at the tight junction (e.g., occludin-ZO-1) and basal ectoplasmic specialization (e.g., N-cadherin-a/b-catenin), and communicating function of the gap junction (e.g., connexin 43/plakophilin-2), and these proteins all utilize F-actin for attachment [15] [16] [17] . Actin dynamics are regulated by more than 100 ABPs, which modulate assembly, polymerization, cross-linking, bundling, cleavage/defragmentation, organization, and localization of microfilaments
ABPs can be categorized into two functional groups: ABPs that regulate F-actin assembly and disassembly such as monomer-binding, nucleation, barbed end capping, cleavage and depolymerization, and ABPs that confer and regulate higher order microfilament structures such as F-actin crosslinking, F-actin bundling, and branched actin polymerization [9 && ,20,21] . We highlight recent findings on selected ABPs in both functional groups whereby their physiological significance in the testis has been studied, particularly their role in higher order actin organization at the BTB, such as branched actin polymerization-inducing proteins versus actin bundling proteins ( Fig. 1 , Table 1 ).
Branched actin-inducing proteins
Actin-related protein (Arp3) The actin-related protein (Arp2/3) complex is a seven-subunit protein complex containing Arp2, Arp3, and also Arp2/3 complex subunit (ARPC) 1-5, known to induce branched actin polymerization at the barbed end of an existing actin microfilament, effectively converting bundled actin filaments into a branched/unbundled network [36, 37] . The Arp2/3 complex, however, has to be activated by upstream activators, including Wiskott-Aldrich syndrome protein (WASP) family [e.g., neuronal WASP (N-WASP)] ( Fig. 1 ) and the cortactin family [9 && ,38-40] proteins, before it functions as a branched actin nucleation protein. Thus, specific inactivation of N-WASP in Sertoli cells via its conditional knockout that causes a failure in Arp2/3 complex function is known to induce infertility in mice [41,42 & ] as a result of defects in spermiogenesis in which round spermatids fail to develop into elongating/elongated spermatids, and BTB function [42 Table 1 . Function of actin binding proteins based on studies of genetic models and mutation analysis ABP Mr (kDa) Phenotypes
Arp3 45
Embryos of Arp3-deficient mice failed to develop beyond blastocysts stage [22] .
Eps8 97
Eps8 null mice were normal and fertile [23] . Length of intestinal microvilli in Eps8 knockout vs. wild-type mice reduced by 25%, leading to significant reduction in intestinal fat absorption [24] . Effects on ectoplasmic specialization unknown.
Ezrin 85
Ezrin mutation mouse pups died before weaning, defects in epithelial organization and villus morphogenesis were observed in the gastrointestinal tract [25, 26] .
Fascin 1 54
Fascin 1-deficient mice were viable and fertile without major developmental defects except neurons exhibited fewer and shorter filopodia vs. wild type [27] . Embryonic fibroblasts lacking fascin 1 also displayed fewer and shorter filopodia and were short lived [27] .
Filamin A 280
Filamin A-deficient mice led to embryonic leathality because of severe hemorrhage and cardiac structural defects [28] . Thus, its effects following knockout on the testis remain unknown.
Palladin 95
Loss of palladin results in embryonic lethality, embryos died at E15.5 because of cranial neural tube closure defects and herniation of liver and intestine [29] .
Rai14 110
Mutation of Rai14 via its deletion led to a complex neurobehavioral disorder known as Smith-Magenis syndrome in humans [30, 31] , associated with schizophrenia [32] and spinocerebellar ataxia type 2 [33] . Its duplication led to autism [34] and Potocki-Lupski syndrome [35] .
Ezrin Fascin 1
Palladin on the stage of the epithelial cycle [43] . The expression of Arp3 at the basal ectoplasmic specialization/ BTB is not detectable until stage VIII [43] , coinciding with BTB remodeling to facilitate the transport of preleptotene spermatocytes across the immunological barrier. The intrinsic activity of the Arp2/3 complex thus contributes to the reorganization of the actin microfilament bundles at the apical and basal ectoplasmic specialization at these stages via its spatiotemporal expression, destabilizing the ectoplasmic specialization to enabling endocytic vesiclemediated trafficking events and BTB remodeling. Studies have shown that the activation of the Arp2/3 complex, other than N-WASP, may also involve p-FAK-Tyr 407 , which regulate actin filament organization at the BTB by promoting the association of Arp3 with N-WASP [44] . This action of the Arp2/3 complex, along with other ABPs, provide a unique mechanism to facilitate preleptotene spermatocyte transport at the BTB during spermatogenesis ( Fig. 2 ).
Filamin A
Filamins are a family of actin binding and crosslinking proteins, with three known members: filamin A, filamin B, and filamin C, which are products of distinct genes found in multiple mammalian epithelia, involved in scaffolding, adhesion, signaling, and mechanical function [45,46,47 & ,48 ]. Filamin A, formerly known as ABP280 [49] , is a nonmuscle actin filament cross-linker, which induces perpendicular branching of existing F-actin microfilaments to create a network of branched filaments [50, 51] . As a result of the presence of a protein partner-interacting domain at the hinge region of two dimerized filamin polypeptides other than the N-terminal actin binding domain, filamin A is known to recruit numerous proteins to create a large regulatory protein complex, with more than 90 binding partners having diversified cellular functions have been identified [50, 52, 53] (Fig. 1 ). Thus, filamin A, besides creating a network of branched actin microfilaments to serve as a scaffold via its intrinsic cross-linking activity, it also recruits proteins to cell junctions to regulate cell adhesion, such as vinculin, 14-3-3, c-Jun N-terminal kinase (JNK), Rho-associated protein kinase, p21-activated kinase 1, protein kinase C, caspase, Smads, and caveolin-1 [54] [55] [56] . In the rat testis, filamin A is expressed mostly at the basal ectoplasmic specialization/BTB [57] . Filamin A also recruits tight junction (e.g., JAM-A and ZO-1) and basal ectoplasmic specialization proteins (e.g., N-cadherin) to the developing BTB in postnatal rats at approximately 15-20 dpp (day postpartum) for its assembly [57] . Furthermore, a knockdown of filamin A in the testis also perturbed the organization of F-actin at the BTB [57] . In brief, although filamin A induces actin branching, unlike the Arp2/3 complex, which is a barded end actin nucleation protein, the branched actin network maintained by filamin A in the testis, at least at the BTB during postnatal assembly of the barrier, is to recruit constituent proteins (e.g., JAM-A, ZO-1, N-cadherin) to the site for junction assembly [50] . In short, although filamin A is an actin cross-linker, it creates an F-actin network composed of perpendicular branched actin microfilaments, recruiting other proteins to the site to confer cell adhesion, such as BTB assembly during postnatal development [57] . Figure 2 depicts the role of filamin A at the BTB during spermatogenesis.
Actin bundling proteins
Epidermal growth factor receptor pathway substrate (Eps8) Eps8, originally identified as a substrate of epidermal growth factor receptor (EGFR), is a member of a protein family, which links growth factor stimulation to actin-based cytoskeletal function [58] [59] [60] ( Fig. 1 ). Eps8 acts either as an actin bundling, barbed end capping protein, or activator of Rac GTPase to modulate actin microfilament organization, depending on its association with the corresponding binding partner of insulin receptor tyrosine kinase substrate p53 (IRSp53), Abelson interacting protein-1 (Abi-1), or Son of sevenless 1/Abelson interacting protein-1 (Sos1/Abi-1), respectively [8, 59] . In the rat testis, Eps8 and its functional partners, Abi-1, IRSp53, and Sos1, are expressed by both Sertoli cells and germ cells [61] . In the seminiferous epithelium, Eps8 is highly expressed at the basal ectoplasmic specialization/BTB in stage V-VI tubules, colocalizing with F-actin in the basal ectoplasmic specialization, likely to be used to maintain the integrity of the actin microfilament bundles at the basal ectoplasmic specialization [61] . Its expression at the basal ectoplasmic specialization/BTB, however, considerably diminishes in early stage VIII, virtually undetectable thereafter to facilitate BTB restructuring to accommodate the transport of preleptotene spermatocytes across the immunological barrier at late stage VIII [61] because of its intrinsic actin bundling and barbed end capping activity. In contrast, at stage VIII, the expression of Arp3 at the basal ectoplasmic specialization upregulates considerably to facilitate BTB restructuring [43] . Thus, it is through such a tightly regulated spatiotemporal expression of two ABPs that induce branched (or barbed end) nucleation (e.g., Arp3) and actin bundling (and barbed end capping) (e.g., Eps8), actin microfilaments at the basal ectoplasmic specialization/BTB can be reorganized in response to The integrity of actin microfilament bundles are also maintained by the various actin bundling proteins such as Eps8, palladin, fascin 1, ezrin, and others (see text for details; left panel). Furthermore, it is likely that microfilaments that are maintained in their bundled configuration is also supported by p-FAK-Tyr 407 at the BTB. Preleptotene spermatocytes differentiate from type B spermatogonia residing in the basal compartment, however, must be transported across the BTB at stage VIII of the epithelial cycle while developing into leptotene spermatocytes at stage IX of the cycle, so that they can prepare for meiosis I and II (middle panel). During these stages, 'old' BTB located above the preleptotene spermatocytes in transit at the BTB undergo extensive remodeling, most notably endocytic vesicle-mediated protein trafficking in which 'old' BTB-associated proteins are being endocytosed, transcytosed, and recycled to the basal region of preleptotene spermatocytes to assemble the 'new' BTB. These changes are made possible by changes in the spatiotemporal expression of several ABPs, mostly notably the upregulation of branched actin-inducing protein Arp2/3-N-WASP protein complex, concomitant with a downregulation of actin bundling proteins (e.g., Eps8, palladin, fascin 1, ezrin). This remodeling of BTB is also supported, at least in part, by p-FAK-Tyr 397 or p-FAK-Tyr 407 . The net result of these changes induces debundling and branching of the actin microfilaments, destabilizing adhesion protein complexes at the 'old' BTB (middle panel). The transport of spermatocytes and endocytic vesicle-mediated trafficking are also facilitated by the polarized microtubules, which serve as the track for transport (middle panel). By stage XII of the epithelial cycle, leptotene spermatocytes differentiate into zygotene spermatocytes, residing in the adluminal compartment and prepare for meiosis I/II that take place at stage XIV of the cycle, when a 'new' BTB is established behind spermatocytes and the 'old' BTB is degenerated (right panel). Thus, remodeling of the BTB in response to different stages of the epithelial cycle to facilitate the transport of preleptotene spermatocytes across the BTB can be effectively regulated by changes in the spatiotemporal expression of the two classes of ABPs, namely actin bundling and branched actin-inducing proteins as depicted herein (see text for details).
the stages of the epithelial cycle to confer junction plasticity to facilitate preleptotene spermatocyte transport. Below are several additional ABPs that are recently found in the testis, which exert similar but slightly different spatiotemporal expression pattern, and the combined action of these proteins thus provides an efficient system to modulate actin microfilament organization to support BTB functions during spermatogenesis.
Palladin
Palladin is a member of an ABP subfamily consisting of palladin, myotilin, and myopalladin known to provide scaffolding function in mammalian cells of multiple epithelia because of its actin cross-linking and bundling activity, likely to work in concert with a-actinin to maintain the integrity of actin microfilament bundles [62] [63] [64] . Palladin possesses high binding affinity for F-actin because of the presence of three immunoglobulin-like interacting domains near its C-terminus [63, 65] (Fig. 1) . Studies in the rat or mouse testis and primary Sertoli cells cultured in vitro have shown that palladin, a 95 kDa protein, colocalizes with actin microfilaments in Sertoli cells, and it is an integrated component of the ectoplasmic specialization [66, 67] . More importantly, palladin was shown to associate with Eps8, Apr3, and ARPC2 and also c-Src, other than actin, in the rat testis [67] , illustrating palladin is likely to be working in concert with other actin bundling (e.g., Eps8) and branched actin nucleation protein (e.g., Arp3, ARPC2) to modulate the organization of actin microfilaments at the ectoplasmic specialization. In the rat testis, palladin is highly expressed at the basal ectoplasmic specialization/BTB in all stages of the epithelial cycle but considerably downregulated at stage VIII, coincide with BTB remodeling [67] . As palladin structurally interacts with c-Src at the ectoplasmic specialization [67] , it is likely a putative substrate of c-Src. Thus, c-Src-mediated changes in palladin phosphorylation possibly modulates its intrinsic actin bundling activity, which, in turn, affects F-actin organization. c-Src is recently shown to modulate protein endocytosis at the Sertoli cell BTB by promoting internalized proteins to endosome-mediated protein degradation [68 & ], as these events are highly dependent on F-actin plasticity, palladin that recruits Arp3 and Eps8 to the ectoplasmic specialization site thus plays an important role in modulating the configuration of actin microfilaments in response to different stages of the epithelial cycle.
Rai14
Retinoic acid induced protein 14 (Rai14) is a 110 kDa ABP, first identified in the liver, and subsequently found in retina, placenta, testes, and other tissues including rodents and humans, with its expression induced by retinoic acid [69] [70] [71] . Rai14 is an actin cross-linker, an adaptor, and a scaffolding protein, associated with cortical actin cytoskeleton and F-actin stress fibers, involved in cell adhesion [72] . Studies in the testis have shown that it is also involved in maintaining actin microfilaments at the ectoplasmic specialization, likely via palladin as its partner to modulate ectoplasmic specialization function [73] (Fig. 1) . In adult rat testes, Rai14 is highly expressed and limited to the ectoplasmic specialization (with a mild expression by peritubular myoid cells in the tunica propria) spatiotemporally during the epithelial cycle [74 & ]. The expression of Rai14 at the basal ectoplasmic specialization/BTB is relatively low in all stages of the epithelial cycle except stage VIII when it is robustly expressed, coinciding with BTB remodeling [74 & ]. In the testis, Rai14 only structurally associates with palladin but not Arp3, Eps8, and other BTB proteins (e.g., occludin, JAM-A, ZO-1, N-cadherin, and b-catenin) [74 & ]. At the Sertoli cell BTB in-vitro, Rai14 also colocalizes, almost superimposable, with actin microfilaments in Sertoli cell cytosol, and its knockdown by RNAi was found to cause actin microfilament truncation, perturbing the Sertoli cell tight junction-permeability barrier function [74 & ]. Collectively, these data illustrate that Rai14 is likely to be working in concert with palladin by recruiting other actin regulatory proteins, such as Arp3, to the site to modulate actin organization because palladin is known to recruit multiple regulatory protein partners [67] .
Ezrin
Ezrin, an 85 kDa protein, is a member of the ezrin, radixin, and moesin (ERM), and merlin (moesin/ ezrin/radixin-like protein) family of structural proteins called ERM-merlin that tether integral membrane proteins (e.g., tight junction and adherens junction proteins) and their peripheral proteins (e.g., adaptors, protein kinases) to actin-based cytoskeleton in mammalian cells, actively involved in cell movement, proliferation, and survival [75] [76] [77] (Fig. 1) . These proteins usually do not coexpress simultaneously in a mammalian cell type. For instance, ezrin is expressed predominantly in polarized epithelial and mesothelial cells, radixin in hepatocytes, and moesin in endothelial and lymphoid cells [75-77,78 & ]. Also, each of these four proteins has a unique function even they do share common functions (Table 1) . Ezrin, radixin, and moesin are found in the mouse testis, with ezrin associated with residual bodies, phagosomes, and apical ectoplasmic specialization in the seminiferous epithelium [79] . Moreover, the expression of ezrin at the ectoplasmic specialization in the seminiferous epithelium of rat testes is highly stage specific [80] . For instance, ezrin is expressed at the basal ectoplasmic specialization/BTB in all stages of the epithelial cycle except at stage IX when its expression is considerably diminished to a level that is virtually undetectable [80] . Ezrin knockdown in the testis in-vivo was shown to impede BTB integrity [80] , mediated by changes in the organization of F-actin at the ectoplasmic specialization, consistent with findings in Sertoli cells in-vitro when ezrin knockdown leads to truncation and mis-organization of actin microfilaments [80] . For instance, F-actin no longer properly organized at the basal ectoplasmic specialization/BTB, following ezrin knockdown in the testis in-vivo, perturbing BTB function [80] . More important, ezrin was shown to be involved in the assembly of tunneling nanotubes (TNTs, also known as intercellular bridges) between distant Sertoli cells cultured in vitro because its knockdown impeded the establishment of TNT [80] . This observation is physiologically important because TNT is capable of transmitting chemical/biological signals greater than 1.5 kDa between distant mammalian cells, including miRNAs and endogenous siRNA (noted: communicating gap junctions only limited to accommodate transporting of signaling molecules of <1-1.5 kDa) [17, 81, 82 & ], thus ezrin may be involved in coordinating signals between distant Sertoli cells across the seminiferous epithelium to support complex cellular events during spermatogenesis. As ezrin is associated with Arp3, ezrin may also be working in concert with Arp3 to modulate the organization of actin microfilaments at the ectoplasmic specialization. Role of ezrin to support basal ectoplasmic specialization function is depicted in Figure 2 .
Fascin 1
Fascins are a family of actin bundling proteins composed of fascin 1, fascin 2, and fascin 3, which are known to cross-link actin microfilaments into tightly packed parallel bundles, such as those found at the ectoplasmic specialization in Sertoli cells in the testis [83] [84] [85] (Fig. 1) . In mammalian cells, fascin 1 is associated with F-actin-rich ultrastructures such as stress fibers, lamellipodia, and filopodia; fascin 2 most expressed by photoreceptors in retina; fascin 3 is restricted to the testis and expressed by elongating/elongated spermatids (but not Sertoli cells) at the apical ectoplasmic specialization and no expression of fascin 3 is detected at the basal ectoplasmic specialization/BTB [83] [84] [85] . Fascin 3 is likely to be involved in the assembly of F-actin ultrastructures surrounding the spermatid nucleus and the acrosome-acroplaxome-manchette complexes [86] during spermiogenesis. Fascin 1, a 54 kDa polypeptide, is robustly expressed at the BTB in all stages of the epithelial cycle but considerably diminished at stage VIII when BTB undergoes remodeling to facilitate the transport of preleptotene spermatocytes [87 & ]. The function of fascin 1 in maintaining the actin microfilaments at the ectoplasmic specialization in Sertoli cells is clearly noted in a study by silencing fascin 1 by RNAi as its knockdown leads to a loss of typical paralleled actin microfilaments across the Sertoli cell cytosol, instead, these microfilaments become unbundled and truncated [87 & ]. Fascin 1 knockdown in the testis in-vivo also leads to dis-organization of F-actin at the apical and basal ectoplasmic specialization, making the ectoplasmic specialization incapable of providing proper adhesion function in which apical ectoplasmic specialization adhesion proteins (e.g., nectin-3, b1-integrin) and tight junction/basal ectoplasmic specialization proteins (e.g., occludin, ZO-1) are mislocalized, this thus destabilizes adhesion function at the ectoplasmic specialization in both sites, leading to defects in spermatogenesis such as a loss of spermatid polarity [87 & ]. Similar to ezrin, fascin 1 was also shown to be a component of TNTs between distant Sertoli cells [87 & ]. As fascin 1 structurally associates with palladin and Arp3, it is likely that fascin 1 is working in concert with actin bundling proteins (e.g., palladin) and actin barbed end nucleation proteins (e.g., Arp3) to modify actin microfilament organization at the ectoplasmic specialization during different stages of the epithelial cycle to support preleptotene spermatocyte transport at the BTB.
A MODEL BY WHICH ACTIN BINDING PROTEINS REGULATE PRELEPTOTENE SPERMATOCYTE TRANSPORT AT THE BLOOD-TESTIS BARRIER
As briefly discussed earlier in the article, the transport of preleptotene spermatocytes, connected in clones via intercellular bridges (or TNTs), across the BTB is regulated by rapid reorganization of actin microfilaments by converting between a bundled and an unbundled/branched configuration (Fig. 2) . This thus confers plasticity to the BTB. As such, integral membrane proteins at the 'old' BTB above the preleptotene spermatocytes in transit can be endocytosed, transcytosed, and recycled to assemble tight junction fibrils at the 'new' BTB behind the spermatocytes. In short, Arp3 perhaps working in concert with filamin A to provide the necessary machineries to convert actin microfilaments from a bundled to an unbundled/branched configuration to facilitate this gradual breakdown of the 'old' BTB. This can also be facilitated by the gradual downregulation via changes in the spatiotemporal expression of Eps8, palladin, ezrin, and fascin 1, possibly mediated by Rai14, at the 'old' BTB. On the contrary, a gradual increase and eventually robust expression of Eps8, palladin, ezrin, and fascin 1 likely involving Rai14 takes place at the 'new' BTB, concomitant with a downregulation of Arp3 (and possibly filamin A) at the site mediated by changes in their spatiotemporal expression. The combined effects of these actin bundling proteins thereby cause changes in the underlying actin-based cytoskeleton in the corresponding sites, such as the 'old' and the 'new' BTB. Reorganization of actin microfilaments at the 'old' BTB also facilitates endocytic vesicle-mediated trafficking events as recently reported [88,89 & ], so that 'old' integral membrane proteins can be rapidly endocytosed, transcytosed, and recycled to assemble tight junction fibrils at the 'new' BTB. The sum of these changes thus destabilizes the 'old' BTB, accommodating the transport of preleptotene spermatocytes across the barrier. At the 'new' BTB, the newly recycled integral membrane proteins (e.g., occludin, N-cadherin) and their associated peripheral proteins (e.g., ZO-1, b-catenin) are being used to assemble the barrier behind the preleptotene spermatocytes in transit. Thus, the breakdown of the 'old' BTB above the preleptotene spermatocytes in transit does not elicit any disruption of the immunological barrier because of the presence of the 'new' BTB, which is assembled behind these germ cells. Studies have shown that these changes are likely mediated by two activated/phosphorylated forms of FAK, namely the p-FAK-Tyr 407 and p-FAK-Tyr 307 [30, 90] , because p-FAK-Tyr 407 is known to promote BTB integrity, such as the assembly of the 'new' BTB, whereas p-FAK-Tyr 397 promotes BTB restructuring, such as the disruption of the 'old' BTB. In short, these two forms of FAK, likely to be working in concert with other protein kinases (e.g., c-Src, c-Yes) [ 
CLINICAL AND THERAPEUTIC IMPLICATION
Results of recent studies have shown that environmental toxicants likely exert their effects by disrupting BTB function to gain access to the testis to disrupt spermatogenesis [1, 93] . This is possibly mediated by an initial disruption of cell junctions, and also actin and/or microtubule-based cytoskeletal function at the BTB [94] [95] [96] . The model depicted in Figure 2 illustrates that there are multiple proteins (e.g., ABPs) and/or signaling molecules (e.g., FAK, MAPK) in the testis, which are targets of environmental toxicants. In short, toxicant-induced male reproductive dysfunctions that cause infertility or subfertility are mediated through these molecular targets. For instance, p38 MAPK that modulates BTB function is the target of cadmium-induced BTB disruption [97] . More important, the use of specific inhibitors against MAPK or JNK was shown to modulate, such as by blocking or worsening, toxicant-induced BTB disruption [98, 99] . Furthermore, recent studies using human or rat Sertoli cells as a study model of BTB function have shown that several environmental toxicants, such as cadmium, bisphenol A, and PFOS exert their effects by disrupting the actin-based cytoskeleton is mediated through ABPs, such as by disrupting the spatiotemporal expression of Arp3, Eps8, and palladin in Sertoli cells [100 & ,101 & ]. Collectively, these findings have unequivocally demonstrated that studies on these ABPs are physiologically relevant to male reproductive health in particular unexplained or toxicant-mediated male infertility. Figure 2 is a hypothetic model based on studies investigating the role of ABPs on BTB dynamics as discussed herein. This model, as noted earlier in the article, also serves as a possible roadmap to better understand male infertility in particular unexplained or environmental toxicant-induced infertility. However, a few crucial questions remain unanswered. For instance, what is the upstream regulatory biomolecule(s) that modulate the spatiotemporal expression of these ABPs? Does this involve p-FAK-Tyr 407 and p-FAK-Tyr 397 ? Also, what triggers the spatiotemporal expression of the biomolecules at the BTB microenvironment? Is it miRNAs? However, does a miRNA being transported to the appropriate microdomain to exert its regulatory effect? Does this involve TNTs? What is the identity of these miRNAs? Due to the unprecedented advances in biotechnology, many of these questions will likely be answered in years to come.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
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